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5: Introduction:

Each of the four members of the ErbB receptor family is capable of forming homodimers
with themselves as well as heterodimers with other ErbB family members. The complex
array of combinatorial partnering of ErbB receptors has complicated attempts to dissect the
biological events activated by natural ligands of ErbB receptors and to understand the
mechanisms of oncogenic transformation by ErbB receptors. Our objective is use synthetic
ligands and chimeric ErbB receptors to control dimerization of ErbB receptors, in
mammary epithelial cells and to identify and understand the biological and biochemical
signaling specificity of different ErbB receptor homo- and heterodimer combination(s).

6: Body:

I had completed the experiments in Rat1 fibroblasts to demonstrate that synthetic
ligands can be used to induce heterodimers between ErbB receptors in the absence of
homodimers and induce homodimers in the absence of heterodimers (please see Fig9 in the
enclosed manuscript). This could be a valuable approach to study heterodimer signaling in
ErbB receptors. To date, it has not been possible to induce heterodimers of ErbB receptos
in isolation. Recent observations demonstrate that a major proportion of primary human
breast cancer patients overexpress ErbB2 and ErbB3 suggesting that ErtbB2/ErbB3
heterdimers may play an important. The strategy I have tested in fibroblasts can very well
be introduced into mammary epithelial cells to understand the function of ErbB
heterodimers.

In order to familiarize with the mammary epithelial cell biology I had the
opportunity to spend 2 weeks in the laboratory of Dr. Mina Bissell at the Lawrence Berkley
National Laboratory. During this time I learned the following methods

1) growing normal mammary epithelial cells in three-dimentional basement membrane
containing matrix (referred to as Matrigel) to induce differentiation of the mammary
epithelial cells to form organized, polarized and differentiated structures called the
‘acini'. The acini resemble the secretory alveolar ducts in vivo

2) performing invasion assays to test for the aggressive transforming potential of an
oncogene.

3) branching assays to understand the ability of different ErbB receptors during
branching morphogenesis

4) I also learned a variety of mammary cell biological approaches such as,
immunostaining an acini, testing for milk protein expression etc..

One of the objectives of this study is to understand how different ErbB dimers
regulate the diverse biological outcome regulates by the EGF family of ligands in
mammary epithelial cells (Hypothesis 2). For that purpose I have been making attempts to
express the chimeric receptors in normal mammary epithelial cells to study ErbB homo-
and heterodimer function in normal mammary epithelial biology and epithelial
transformation. I’ll describe the efforts in two normal mouse mammary epithelial cells
CID9 and Eph4s that did not prove successful and I’ll also describe my recent efforts using




normal human mammary epithelial cell line, MCF-10A, which is showing a great deal of
promise.

CID9.

These cells have been shown to form acinar structures in culture, able to secrete
milk protein if given all the appropriate stimuli. They also undergo transformation as
assayed by soft agar growth.

As shown in Figure 1, I had great difficulty in generating stable cell lines that express the
chimeric ErbBs while retain the normal biological properties. I did obtain few clones that
were positive for chimeric ErbB expression (FIG.1 A, B) and respond to the synthetic
ligand AP1510 (Fig.1 C). However, these cells did not secrete milk proteins (Fig.1 D) and
they did not undergo branching morphogenesis (data not shown). These observations lead
us to conclude that the CID9 cells were not amenable for manipulations for this project and
also that there is a great deal of clonal variation that does not behave as the parental
population. Having learned these we decided to shift to another system.

Eph4:

These are normal mouse mammary epithelial cells that also can undergo
differentiation in culture to secrete milk proteins (Fig. 1D) and also undergo morphogenesis
in a EGF-responsive manner (Fig.2). Previous work had suggested that Eph4 cells also are
sensitive to clonal variation so I chose to infect cells with retrovirus expressing ErbBs and
selected pooled populations for analyses. A number of attempts to infect and detect
expression of ErbBs did not prove successful (Fig. 3). We also tried to infect these cells
with retrovirus expression an unrelated gene and could not observe detectable expression.
Although we were able to find a virus that can give detectable expression the expression
levels were not sufficient to induce biological responses (data not shown). At this point I
moved to human mammary epithelial cells because my initial experiments with the human
breast tumor derived cell line MCF-7 cells proved successful for expression of the ErbB
chimera (data not shown).

MCF-10A:

We have chosen the human mammary epithelial cell line, MCF10A, as a model
system for these studies. The MCF10A cell line was established as a spontaneously
immortalized cell line from the breast tissue of a normal healthy patient with mild
fibrocystic disease. This is one of the very few ‘normal’ cell lines available to study
differentiation and oncogenesis of human mammary epithelium in culture. MCF-10A cells
require EGF for proliferation in culture (Fig. 4). The EGF-dependence is particularly useful
for the investigations proposed in this study since proliferation induced by synthetic ligand
induced ErbB dimerization can be studied very efficiently and the biological authenticity of
this process can be verified by comparing the synthetic ligand induced response to EGF
induced response.

It has been shown that normal human mammary epithelial cells, including MCF-10A,
will go through a wave of proliferation followed by growth arrest to form an
organized/polarized three dimensional ‘acini’, when grown inside a basement membrane
matrix. In contrast, malignant or transformed mammary epithelial cells grow in matrigel
without any organization. We have developed the conditions to generate acini using




MCF10A cells. Staining of the acini with E-cadherin (located basolaterally), Collagen IV
(secreted at the basal surface) and DAPI reveal that these acini consist of multiple polarized
cells organized into a 3D structure (Fig. 5). When grown in matrigel in the absence of EGF,
MCF-10A cells form very small structures (Fig. 5).

We performed the following preliminary experiments in order to characterize ErbB
receptor expression and to establish whether these cells can be used for the studies
proposed in this grant:

1) The expression levels and EGF-induced phosphorylation of endogenous
ErbB receptors were determined by immunoblotting. MCF-10A cells express detectable
levels of ErbB1, ErbB2, and ErbB3 (Fig. 4A) and EGF stimulation results in tyrosine
phosphorylation of both ErbB1 and ErbB2 (Fig. 4B).

2) EGF dependence for proliferation was tested by growing the cells in the
presence of serum but in the absence of EGF. Under these conditions the cells display a
slow doubling rate (approximately 40hrs) however, in the presence of EGF they
proliferated at the rate of about 1 division/20hrs (Fig. 4C).

3) MCF10A cells expressing AP1510-inducible ErbB2 chimera (10AerbB2)
were generated by infecting MCF-10A cells with a retrovirus expressing the chimeric-
ErbB2 (Fig. 5A). Addition of synthetic ligand, AP1510, results in efficient phosphorylation
of the chimeric receptor (Figure 5A,B). 10AerbB2 cells still require EGF for proliferation
(Fig. 5C). It should be noted that the amount of the chimeric-ErbB2 was similar to the
amount of endogenous ErbB2 present in these cells (data not shown).

Interestingly, AP1510 was able to increase proliferation of these cells in EGF-free
medium by three fold (Fig. 5C). Furthermore, the AP1510-induced growth was comparable
to that obtained in the presence of 1ng/ml of EGF. When incubated in the presence of
5ng/ml EGF, the cells grew significantly better than when incubated the highest dose of
AP1510 treatment (Fig. 5C). These observations suggest that although these cells express
chimeric ErbB2 at levels equivalent to the endogenous ErbB2 levels, homodimerization of
the ErbB2 receptor resulted in only partial rescue of the EGF-dependence growth.

MCF-10A cells expressing ErtbB1 chimera was also generated. The ErbB1 chimera was
responsive to AP 1510 stimulation (Fig. 6A lanes 11-16) and amount of chimeric receptor
phosphorylation was comparable to the level of endogenous receptor phosphorylation
induced by 1ng/ml of EGF (Fig. 6C, compare lanes 3 and 4). Interestingly, ErbB1
homodimerization did not induce a significant proliferation in the absence of EGF (data not
shown).

Thus, the preliminary results demonstrate that these cells can efficiently be infected with
retroviruses to express the ErbB chimeras and the ErbB chimeras can be activated using
synthetic ligands. Activation of the chimeric-ErbB2 with synthetic dimerizer results in a
partial rescue from EGF dependence for proliferation suggesting that dimerization of
ErbB2 is sufficient to induce proliferation in this system. Although these observations are
of preliminary nature and do not provide any strong conclusions, we are confident that it
clearly establishes that this strategy can be used to study the functional differences between
different ErbB dimers in human mammary epithelial cells.

It is possible that certain dimeric combinations may not be able induce proliferation in
the absence of EGF whereas certain other combinations may partially relieve the EGF
dependence and anchorage independent growth. It is also possible that no single type of
homo or heterodimer can efficiently rescue EGF dependence. If this result is obtained, 1




will generate cell lines in which can generate homo and heterodimers between two ErbB
chimeras simultaneously with each cell. For example, this can be accomplished by
expressing ErbB1-FKBP and ErbB2-FKBP within the same cell, and addition of AP1510
can induce all possible dimeric combinations (B1/B1; B1/B2; and B2/B2).

I'm in the process introducing ErbB1, ErbB2, ErbB3 and ErbB4 chimeras into MCF-
10A cells to study the biological outcomes of different ErbB dimers during proliferation,
differentiation and transformation (soft agar growth).
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Figure 2: Morphogenesis of Eph4 cells: Eph4 cells were overlayed with 2% matrigel either in the presence or
absence of EGF and alooed to differentiate for 5 days.
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Figure 3: Infecting Eph4 cells with ErbB1 or ErbB2 chimera. Eph4 cells were infected with retrovirus
expressing the ErbB chimeras and selected for G418 resistance. The pools were then analysed for
expression of the chimeric protein by anri-HA immunoblots
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Figure 4: Expression and activation of endogenous ErbBs in MCF-10A cells. (A) Seventy five ug of
lysates from MCF-10A or MCF-7 cells were immunoblotted with antibodies against B1, B2, B3 or B4.
(B). MCF-10A cells were stimulated with 20ng/ml EGF and 750ug of cell lysate was used for
immunoprecipitation (IP) with antibodies against B1 (lanes 1,2), B2 (lanes 3,4) B3 (lanes 5,6) and

B4 (lanes 7,8) and blotted with pTyr antibodies. The asterix in B indicates the non-specific proteins brought
down by anti-B3 and anti-B4 antibodies. (c) Fifty thousand cells were plated onto a 60mm plate either in

the persence or absence of EGF (20ng/ml) and cells were counted every day.
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Figure 5. Morphogenesis of MCF-10A cells in a three dimensional matrix.

Cells were plated on
matrigel in the presence or absence of EGF and allowed to grow for five days. The

structures were fixed and
immunostained with either E-cadherin and DAPI or Collagen IV and DAPI. Merged images are shown.
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Figure. 6: AP1510 can induce proliferation in MCF-10A cells expressing chimeric-ErbB2.

(A). MCF-10A cells were infected with virus containing ErbB2-FKBP chimera and pools were selected.
The cells were either stimulated with EGF or with AP1510 and cell lysates were blotted with pTyr
antibodies. (B). HA tag containing proteins were immunoprecipitated and blotted with pTyr antibodies.
(C). 10AErB?2 cells were plated in the presence of AP1510 or in the presence of EGF and the cells were

counted after five days. 14
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Figure 7: AP1510 inducible phosphorylation of ErbB1 chimera in MCF-10A cells. (A). MCF-10A
pools expressing ErbB1 chimera were stimulated with AP1510 and either total cell lysates or anti-HA
immunoprecipitates were immunoblotted with pTyr antibodies. (B). ErbB1 expressing pools were
stimulated with AP1510 or increasing concentrations of EGF for 5min. and the total cell lysates were
immunoblotted with pTyr antibodies. 15
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Appendix 1:

Have demonstrated ErbB1 and ErbB2 can be induced to form homodimers in
fibroblasts (Hypothesis #1; Technical objective #1)

ErbB homodimers induced by synthetic ligands mimic ligand induced dimerization
both at biochemical and biological outcomes (please see the preprint of the manuscript
enclosed, appendix 3) (Hypothesis #1; Technical objective #2)

My studies have provided evidence, for the first time, that homo- heterodimers of ErbB
receptors can differ in their signaling capacity (Hypothesis #3; Technical objective #5)
Have made chimeric ErbB4 and in the final stages of making chimeric-ErbB3
constructs.

Have determined that two normal mouse mammary epithelial cells lines cannot be used
of the studies proposed here. Were unable to express the chimeric proteins in these cell
lines. I few select cell lines for stable expression then these clones do not behave like
their parental clones. Hence we have chosen not to use CID9 and Eph4 cells for the
studies proposed here.

I have successfully expressed both ErbB1 and ErbB2 chimera in the normal human
mammary epithelial cell line MCF-10A.

Both the chimera respond to synthetic ligand AP1510 by inducing tyrosine
phosphorylaton of the chimeric receptor (Technical objective #3).

ErbB2 homodimers induce EGF-independent proliferation however, the increase in
proliferation was only equivalent to that induced by Ing/ml EGF. Hence the MCF-10A
cells are normally grown in the presence of 20ng/ml EGF it is likely that ErbB2
homodimers are not sufficient to induce efficient proliferation in MCF10A cells
(Hypothesis #2; Technical objective #3)

Interestingly, ErbB1 homodimers did not induce significant increase in proliferation
however this observation needs to be substantiated by further experimentation
(Technical objective #3).

I have learned the methods to grow normal mammary epithelial cells in a 3-dimentional
matrix comprised of basement membrane components (referred to as ‘matrigel’) to
form an acini.

Appendix 2:

1.

The initial characterization of the method of using chimeric ErbB receptors and
synthetic ligands to control dimerization of ErbB receptors has been accepted for
publication. The report will be published in the Oct. issue of Molecular and Cellular
Biology.

US Army funded research is part of a NCI grant aimed towards promoting
collaboration between three or more researchers. The grant pays for the travel expenses
($15,000/year) between the labs involved in this colloboration. The grant was awarded
for a collaborative effort between the labs of Dr. Joan S. Brugge, Dr.Mina Bissell and
Dr. Shyamala Harris.
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Controlled Dimerization of ErbB Receptors Provides Evidence
for Differential Signaling by Homo- and Heterodimers
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Department of Cell Biology, Harvard Medical School, Boston, Massachusetts 02115,
and ARIAD Pharmaceuticals, Cambridge, Massachusetts*02139
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The four members of the ErbB family of receptor tyrosine kinases are involved in a complex array of
combinatorial interactions involving homo- and heterodimers. Since most cell types express more than one
member of the ErbB family, it is difficult to distinguish the biological activities of different homo- and
heterodimers. Here we describe a method for inducing homo- or heterodimerization of ErbB receptors by using
synthetic ligands without interference from the endogenous receptors. ErbB receptor chimeras containing
synthetic ligand binding domains (FK506-binding protein [FKBP] or FKBP-rapamycin-binding domain
[FRB]) were homodimerized with the bivalent FKBP ligand AP1510 and heterodimerized with the bifunctional
FKBP-FRB ligand rapamycin. AP1510 treatment induced tyrosine phosphorylation of ErbB1 and ErbB2
homodimers and recruitment of Src homology 2 domain-containing proteins (Shc and Grb2). In addition,
ErbB1 and ErbB2 homodimers activated downstream signaling pathways leading to Erk2 and Akt phosphor-
ylation. However, only ErbB1 homodimers were internalized upon AP1510 stimulation, and only ErbB1
homodimers were able to associate and induce phosphorylation of c-Cbl. Cells expressing AP1510-induced
ErbB1 homedimers were able to associate and induce phosphorylation of c-Cbl. Cells expressing AP1510-
induced ErbB1 homodimers were able to form foci; however, cells expressing ErbB2 homodimers displayed a
five- to sevenfold higher focus-forming ability. Using rapamycin-inducible heterodimerization we show that
c-Cbl is unable to associate with ErbB1 in a ErbB1-ErbB2 heterodimer most likely because ErbB2 is unable
to phosphorylate the c-Cbl binding site on ErbB1. Thus, we demonstrate that ErbB1 and ErbB2 homodimers
differ in their abilities to transform fibroblasts and provide evidence for differential signaling by ErbB
homodimers and heterodimers. These observations also validate the use of synthetic ligands to study the

signaling and biological specificity of selected ErbB dimers in any cell type.

ErbB family receptor tyrosine kinases (RTKs) ErbB1 (also
known as human epidermal growth factor [EGF] receptor 1
[HER1] or EGF receptor [EGFR]), ErbB2 (also known as
HER?2 or Neu), ErbB3, and ErbB4 consist of an extracellular
ligand-binding domain, a single transmembrane domain, an
uninterrupted tyrosine kinase domain, and a cytoplasmic tail.
The ErbB family members play important roles during the
growth and development of a number of organs including the
heart (9, 17), the mammary gland (9, 27, 77), and the central
nervous system (9, 17, 28). In addition, ErbB overexpression
is associated with tumorigenesis of the breast, ovaries, brain,
and prostate gland (1, 9, 36). Experiments in transgenic mice
and cell culture models clearly indicate that ErbB receptors
and their ligands can promote the development and progres-
sion of mammary tumorigenesis (36, 74).

There are at least 16 different EGF family ligands that bind
ErbB receptors (55). The ligands can be grouped into three
categories: (i) those that bind to ErbB1 alone (EGF, trans-
forming growth factor o, and amphiregulin), (ii) those that
bind to ErbB3 and ErbB4 (neuregulin 1 [NRG1] and NRG2),
and (iii) those that bind to ErbB1 and ErbB4 (betacellulin,
heparin-binding EGF, NRG3, and epiregulin) (32, 55). The
binding of an EGF family ligand to its cognate receptor results
in the dimerization and activation of the receptor (76).

ErbB family members partake in a complex process of lat-

* Corresponding author. Mailing address: Department of Cell Biol-
ogy, Harvard Medical School, 240 Longwood Ave., Boston, MA 02115.
Phone: (617) 432-3974. Fax: (617) 432-3969. E-mail: Joan_Brugge
@hms.harvard.edu.

1 Present address: Biogen Pharmaceuticals, Inc.. Cambridge, MA.

AUTHOR: Publication of this article cannot

eral signaling (also referred to as combinatorial interactions)
by forming ligand-induced heterodimers between different
family members (1, 18, 55). It is likely that heterodimerization
is mediated by ligand bivalency (71). Each ligand has been
shown to favor certain dimeric combinations over others, sug-
gesting that in cells expressing all four ErbB receptors a given
ligand induces a hierarchical order of ErbB receptor dimeriza-
tion (72). Among the ErbB RTKs, ErbB2-containing hetero-
dimers are preferred over other ErbB homo- or heterodimers,
suggesting that ErbB2 plays a central role in both ligand bind-
ing and signal transduction (4, 29, 37, 52, 62, 73). EGF stim-
ulation of cells engineered to lack surface expression of ErbB1
results in defective ErbB2 phosphorylation, and EGF or
NRGI stimulation of cells engineered to lack surface expres-
sion of ErbB2 results in impaired ErbB1, ErbB3, and ErbB4
phosphorylation (30). Taken together, these observations high-
light the importance of combinatorial interactions in ErbB
receptor signaling. Although ErbB2 is recruited into many
heterodimers it is likely that different heterodimers have dis-
tinct signaling specificities. The evidence that different ligands
induce distinct phosphorylation patterns on ErbB1 and ErbB2
is consistent with this possibility (19a, 51).

The activation of ErbB receptors results in the generation of
Src homology 2 (SH2)-binding sites for multiple cytoplasmic
signaling molecules such as the p85 subunit of phosphoinosi-
tide 3'-kinase (PI 3-kinase) (61), phospholipase Cy, (16), Src
family kinases (5), protein tyrosine phosphatases, SH2 domain-
containing tyrosine phosphatases 1 and 2 (25), Shc and Grb2
(13}, Grb7 (20), Grb10 (20), c-Cbl (44, 47), Nck (6), Crk (6),
Eps8 (22), and Eps15 (23). ErbB receptors also induce tyrosine
phosphorylation of proteins involved in cell adhesion signaling
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such as the focal adhesion kinase (54), Crk-associated sub-
strate (Cas) (50), paxillin (58), cortactin (8), and catenins (33).
It is likely that different ErbB dimers recruit or activate differ-
ent sets of signaling molecules. For example, the p85 subunit of
PI 3-kinase is thought to associate only with ErbB3 (24, 39, 53,
64), ¢-Cbl with ErbB1 (41), and Chk with ErbB2 (80). c-Src
associates with both ErbB1 and ErbB2, though it appears that
c-Src prefers ErbB2 over ErbBl (49). Very little is known
about how ErbB homodimers and heterodimers differ in their
biological properties, and it is also not known whether hetero-
dimers possess unique signaling properties compared to ho-
modimers. Since almost all fibroblasts and mammary epithelial
cells express more than one member of the ErbB receptor
family, it is not possible to determine the signaling and biolog-
ical specificities of different ErbB receptor homo- or hetero-
dimers with natural peptide ligands. In this report, we demon-
strate that synthetic dimerizing ligands can be used effectively
to study the homo- and heterodimerization of chimeric ErbB
receptors independent of endogenous receptors and their
ligands.

Synthetic dimerizing ligands have been used to induce the
dimerization and activation of transcription factors (33, 57),
T-cell receptor subunits (70), Src family kinases (69), the gua-
nine nucleotide exchange factor SOS (34), platelet-derived
growth factor receptor (78), caspases (45), Fas receptor (68),
erythropoetin receptor (7), and integrins (31). Here we dem-
onstrate that synthetic ligand-induced homodimerization of
either ErbB1 or ErbB2 in rat fibroblasts results in tyrosine
phosphorylation of the receptor, phosphorylation of down-
stream signaling molecules in a kinase-specific manner, induc-
tion of DNA synthesis, ligand-dependent focus formation, and
ligand-dependent acquisition of transformed morphology. Our
results also indicate that ErbBl homodimers were five- to
sevenfold weaker in their ability to induce focus formation
than ErbB2 homodimers. In addition, using a synthetic ligand
that selectively induce heterodimers, we demonstrate that c-
Cbl prefers ErbB1 in a homodimer over ErbBl in a hetero-
dimer with ErbB2, suggesting that homo- and heterodimers
recruit distinct cytoplasmic signaling proteins.

MATERIALS AND METHODS

DNA constructs. The expression vectors for the ErbB chimeras were con-
structed as follows: the extracellular and transmembrane domains of low-affinity
nerve growth factor receptor (p75) was PCR amplified as an EcoRI/BamHI
fragment and subcloned into the retroviral expression vector SRaMSVTKNeo
(kindly provided by O. Witte). To generate the EcoR1/BamHI fragment, the 5’
primer was engineered to have an EcoRI site and the 3’ primer was engineered
to have in-frame Spel and Xbal sites followed by either a hemagglutinin (HA) or
Flag epitope tag, stop codons, and BamHI restriction site. The resulting vectors
were referred to as either p75.HA or p75.Flag. The ligand-binding domains
FK506-binding protein (FKBP [one or two copies]) and FKBP-rapamycin-bind-
ing domain (FRB) of FKBP-rapamycin-associated protein (FRAP) (57) were
subcloned as Xbal/Spel fragments into p75.HA and p75.Flag to generate
p75.F1.HA (F1, one copy of FKBP) or p75.F2.HA (F2, two copies of FKBP) or
p75.R1.Flag (R1, one copy of FRB domain) (Fig. 1B). The intracellular domains
of ErbB1 (B!) and ErbB2 (B2) were obtained by PCR with Pfu DNA polymerase
(Stratagene). The primers were designed such that they contain in-frame Xbal
and Spel restriction sites in the 3’ and 3’ ends, respectively. ErbB1 was amplified
with the primers 5' GCGATCTCTAGACGAAGGCGGCCACATCGTTC
GG and 5" GCATCGACTAGTTGCTCCAATAAATTCACTGCTTTG with
a T47D cDNA library (generated by random priming poly{A]-selected mRNA).
The kinase-dead ErbB1 (kdB1) was amplified with the Met721Ala mutant hu-
man ErbB1 cDNA (kindly provided by Alan Wells). Both ErbB1 and kdB1 PCR
fragments were subcloned into a shuttle vector digested with Xbal and Spel
restriction enzymes. The ErbB2 cytoplasmic domain was amplified as two frag-
ments from a Rat Neu ¢cDNA (kindly provided by William J. Muller), making use
of an internal unique Ncol site. The 3’ fragment was amptified with primers
5" GCGATCTCTAGAAAACGAAGGAGACAGAAGATCC and 5° GGAG
GTCGGGGTACCTGTCATGG. The 3’ fragment was amplified with primers
5" CCATCCAGCCCCATGGACAGTACC and 5" GCATCGACTAGTTACA
GGTACATCCAGGCCTAGG. The 3’ and 3’ fragments were subcloned into an
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Xbal/Spel cut shuttie vector by a three-way ligation. The ErbB1 and ErbB2 PCR
products, in shuttle vectors, were subjected to automated sequencing to verify the
nucleotide sequence. The intracellular domains of ErbB1, ErbB2, and kdErbB1
were subcloned as Xbal/Spel fragments into the Xbal site in p75 fusion vec-
tors (Fig. 1B) to generate p75.B1.F1.HA, p75.B1.F2.HA, p75.B2.F2.HA, and
p75.kdB1.R1.Flag.

Retroviral stocks. Retroviral stocks were prepared by using the Phoenix pack-
aging cells and following a previously described protocol (80a). The viral stocks
were stored at —80°C.

Cell culture and stable cell lines. Rat1 cells (kindly provided by Peter Siegel
and William J. Muller) were grown in Dulbecco modified Eagle medium sup-
plemented with 10% fetal bovine serum (FBS) and antibiotics. Stable cell lines
expressing p75.BL.LFL.LHA, p75.B1.F2.HA, and p75.B2.F2.HA were derived by
infecting Rat! fibroblasts with retrovirus expressing the respective RTK chimera
and selecting infected cells with 500 wg/ml of G418-containing media. Clones
were screened by either anti-HA blots or by fluorescence-activated cell sorting
(FACS) of cells stained with anti-p75 antibodies and fluorescein isothiocyanate-
conjugated anti-mouse secondary antibodies. Clones that showed comparable
levels of p75 surface staining were used for the experiments (p75.BLFLHA,
clone 9; p75.BL.F2.HA, clone 3 or 6; and p75.B2.F2.HA, clone 4). Cells coex-
pressing FKBP and FRB (p75.kd.B1.R1.Flag) in fusion were derived by trans-
fecting the p75.B1.F2 (clone 6)- and p75.B2.F2 (clone 4)-expressing cells with the
p75.kdB1.R1.Flag and pBabe Hygro (48) and selected in media containing 200
rg of hygromycin (Boehringer Mannheim) per ml. Hygromycin-resistant colo-
nies were pooled, and early passages (between 3 and 10) were used for hetero-
dimerization experiments (see Fig. 9). Transient assays in COS7 cells (see Fig.
10) were carried out by plating 1.2 X 10° cells per 10-cm-diameter plate, and
lipofection was carried out 16 to 18 h after plating. The lipofection mix was
prepared with 30 ! of lipofectamine, 3.0 g of p75.kdBL.R1.Flag, and 1.0 pg of
either p75.B1.LF2.HA or p75.B2.F2.HA following the manufacturer’s protocol
(Gibco-BRL). Lipofection was carried out for S h, and the cells were analyzed
48 h after transfection.

Cell lysis and immunoprecipitation. Subconfluent or confluent cultures were
stimulated with indicated amounts of AP1510 or rapamycin for 15 min at 37°C.
The ligands were stored as a x2,000 stock in 100% ethanol at —20°C. After
stimulation, the cells were rinsed once with ice-cold phosphate-buffered saline
(PBS) containing 1 mM sodium orthovanadate and lysed in Triton X-100 lysis
buffer (150 mM NaCl, 50 mM Tris - Cl [pH 8.0], 5 mM NaF, 1% Triton X-100,
1 mM sodium orthovanadate, 5 pg of aprotinin per mi, and 5 p.g of leupeptin per
ml) for 25 to 35 min. The lysates were cleared by centrifugation at 13,000 rpm for
15 min at 4°C. Protein concentrations were measured by using the Bradford assay
(Bio-Rad). Cell lysates were incubated with anti-HA (HA.11; BabCo) or anti-
flag (anti-Flag M2 beads; Sigma) or anti-Cbl (SC 14; Santacruz) antibodies in a
500-p.! total volume. Protein G-Sepharose beads (Pharmacia) were added to the
lysate-antibody mix and incubated on a rotating platform for 2.5 to 3.5 h at 4°C
and washed three to four times with a lysis buffer. The immunoprecipitates or
total cell lysates were resolved on a sodium dodecy! phosphate (SDS)-8.0 or
9.0% polyacrylamide gel and transferred onto polyvinylidene difluoride mem-
branes (NEN). The blots were blocked for 1.5 to 3.0 h in 3% bovine serum
albumin in TBS-T (20 mM Tris - Cl [pH 7.5}, 150 mM NaCl, 0.1% Tween 20) and
immunoblotted for 1.5 to 3.0 h with either anti-pTyr (PY20-HRP; Transduction
Labs; 1:3,000), anti-EGFR (1:1,000; Transduction Labs), anti-Erk2 (1:1,000;
Upstate Biotechnology Inc.) antiphospho-473 Akt (1:1,000; New England Bio-
labs), anti-Akt (1:1,000; New England Biolabs), anti-Flag (1:1,000; M2; BabCo),
anti-She (1:1,000; Transduction Labs), anti-Grb2 (1:1,000; Transduction Labs),
or anti-betal integrin (1:1,000) antibodies. The immunoblots were washed five to
seven times, incubated with appropriate horseradish peroxidase-conjugated sec-
ondary antibody subsequently, washed five to seven times, reacted with enhanced
chemiluminescence (NEN), and subjected to autoradiography. For stripping the
blots were incubated in a strip buffer (62.5 mM Tris + Cl [pH 6.8], 2% SDS, 0.7%
mercaptoethanol) at S0°C for 30 min.

Receptor internalization experiments were carried out as follows: cells were
stimulated with Ap1510 or the ethanol alone for indicated lengths of time. The
cells were rinsed three times with ice-cold PBS (pH 8.0) and incubated with PBS
containing 0.5 mg of NHS-S-S-Biotin (Pierce) at 4°C for 1 h. The cells were
subsequently rinsed three times with ice-cold PBS and lysed in 1X modified
radioimmunoprecipitation assay buffer (150 mM NaCl, 20 mM Tris - HCI [pH
7.5}, 0.1% SDS. 1.0% sodium deoxycholate, 1.0% Triton X-100, 2 pg of aprotinin
per ml, and 2 pg of leupeptin per ml). Equal amounts of lysates (300 p.g) were
incubated with 75 wl of Sepharose beads coupled to NeutrAvidin (Pierce) on a
rotating platform for 1 to 1.5 h. The immunoprecipitates were washed thres
times with modified radioimmunoprecipitation assay buffer and resuspended in
1X sample butfer.

Cell cycle analysis, Parental Rat! cells or p75.B1.LF1.HA (clone 9), p75.BL.F2.HA
(clone 6), or p75.B2.F2.HA (ctone 4) were plated at a density of 8 x 10" cells per
well in a six-well plate. After 48 h the cells were switched to serum-free media for
24 h and subsequently stimulated with indicated amounts of AP1510 or 10 ng of
EGF per ml for 18 to 20 h. Cells were trypsinized. resuspended in 1.0 mi of 10%
serum-containing medium, and transferred to a tube containing 10.0 ml of 1X
PBS. The cells were pelieted by centrifugation at 1,200 rpm for 4 min. Pellets
were washed again with 10.0 ml of 1X PBS and then resuspended in 0.5 ml of 1X
PBS. The resuspended cells were fixed overnight in 5.0 ml of ice-cold 100%
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FIG. 1. Synthetic ligands for ErbB dimerization. The ligand-binding domains FKBP12 and FRB (A) were subcloned as single or double copies to generate the
expression vectors shown in panel B. The intracellular domains of ErbB receptors were PCR amplified and subcloned into the expression vectors as described in
Materials and Methods. The addition of AP1510 to celis expressing FKBP-fused ErbB receptors will result in the generation of homodimers (D), while the addition
of rapamycin to cells coexpressing the ErbB1-FKBP chimera (p75.B1.F1.HA) and ErbB2-FRB chimera (p75.B2.R1.Flag) (C) will result in a p75.B1.F1.HA-

p75.B2.R1.Flag heterodimer (D).

ethanol. Ethanol was added very slowly, while vortexing, to avoid cell clumping.
The fixed cells were pelleted and washed twice in 5.0 ml of 1X PBS containing
2.0% FBS. After the second wash the cells were resuspended in 0.5 ml of 1% PBS
containing 2% FBS, 0.1% Tween 20; 20 pg of RNase A per ml, and 10 pg of
propidium icdide per ml, incubated at 37°C for 2 to 3 h, and analyzed by FACS.
The data were analyzed by the ModFit program (Becton Dickinson) to calculate
the percentage of cells in the Go-G,, S, and G»-M stages of the cell cycle. The fold
increase in the percentage of cells that are in S and G,-M phases was plotted.

Focus-forming assay. Rat! fibroblasts were plated at 2 X 10* cells per well in
a 12-well plate. The cells were infected with retroviruses expressing the appro-
priate ErbB fusion at the rate of 150 to 250 CFU per well. Infected cells (24 h
after infection) were trypsinized and replated on 10-cm-diameter plates contain-
ing different concentrations of AP1510. Cells from one infected well were plated
onto 10-cm-diameter plates in media containing 500 p.g of G418 per ml for 10 to
12 days. The focus assay was carried out for 14 days by changing the drug-
containing media once every 3 days. The plates were fixed with 4% formalin and
stained with 4% Giemsa. Previous experiments have shown that AP1510 is active
for at least 4 days as dilute aqueous solutions at 37°C (data not shown). For
another experiment (see Fig. 7), Ratl cells were plated at 3 X 10° cells per
10-cm-diameter plate and infected with 2 larger amount of virus stock and the
exact number of CFU per plate was estimated by trypsinizing and plating one
infected plate under 750 pug of G418 per ml.

RESULTS

Synthetic ligand-mediated ErbB dimerization. To study the
signaling and biological specificities of different ErbB dimers,

we have designed a dimerization strategy that employs syn-
thetic bivalent dimerizing ligands (also called chemical induc-
ers of dimerization) and their binding proteins (Fig. 1; for a
review, see reference 67). For homodimerization, we employed
ligands that bind to the FK506 binding protein, FKBP12. The
first reported homodimerizing compound, FK1012, was de-
rived by chemical coupling of the monomeric FKBP ligand
FK506 (70). Each molecule of FK1012 or a synthetic analog,
AP1510 (2), binds to two copies of the ligand binding domain
FKBP (Fig. 1A) and can induce the homodimerization of pro-
teins fused to FKBP. To induce heterodimerization, we used
the natural product rapamycin, which binds to one copy of
FKBP and one copy of the FRB domain of FRAP (Fig. 1A).

To create dimerizable ErbB receptors, the FKBP or FRB
domain and an epitope tag were fused to the C-terminal end of
the ErbB cytoplasmic domain (Fig. 1C). To prevent the bind-
ing of EGF family ligands released by autocrine secretion, the
extracellular and transmembrane domains of the low-affinity
NGF receptor p75 were substituted for the analogous domains
of ErbB1 and ErbB2. Using FKBP- or FRB-containing ErbB
receptor chimeras it is possible to generate homodimers with
AP1510 or heterodimers with rapamycin (Fig. 1D).
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FIG. 2. Dimerization of ErbBI cytoplasmic domain with synthetic ligands
results in a dose-dependent stimulation of receptor and substrate phosphory-
lation. (A) Ratl fibroblasts expressing ErbB1 fused to one copy of FKBP
(p75.BL.F1.HA) were stimulated with increasing amounts of AP1510 (in nano-
molars) (lanes 2 to 6) or FKS06 (lanes 7 and 8) for 15 min or stimulated with 50
ng of EGF per ml for 5 min. Cell lysates were collected, and 45 pg of protein was
resolved and immunoblotted with anti-phosphotyrosine (anti-pTyr) antibodies.
The blot was stripped and reprobed with anti-Shc antibodies, and the p46 and
p52 isoforms of Shc and other cellular proteins that were tyrosine phosphory-
lated by ligand stimulation are indicated by asterisks. (B) Seven hundred micro-
grams of lysate was used for immunoprecipitation with anti-HA antibodies and
immunoblotted with anti-pTyr (upper panel). The anti-pTyr blot was subse-
quently stripped and reprobed with anti-EGFR antibodies (lower panel).

Dimerization of ErbB1 cytoplasmic domain with synthetic
ligands results in a dose-dependent stimulation of receptor
and substrate phosphorylation. To establish whether synthetic
ligands can be used to dimerize ErbB receptors, we examined
the dimerization and activation of the ErbB1 cytoplasmic
domain (B1) fused to one copy of FKBP (F1) (denoted as
p75.BL.LF1.HA) (Fig. 1C). Stable cell lines expressing the
p75.BLF1.HA chimera were derived by using Ratl fibroblasts.
AP1510, but not FK506, treatment resulted in a dose-depen-
dent increase in tyrosine phosphorylation of cellular proteins
(Fig. 2A; compare lanes 1 to 6 and 7 to 8). As expected, the
cells were still sensitive to EGF stimulation (Fig. 2A, lane 9).
Interestingly, the pattern of tyrosine phosphorylation after
AP1510 stimulation was comparable to the pattern obtained
after EGF stimulation (Fig. 2: compare lanes 6 and 9). For
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example, the adapter protein Shc and proteins with approxi-
mate molecular masses of 33, 42, 44, 60, 79, and 100 kDa
(marked with asterisks) were phosphorylated by both EGF and
AP1510 stimulation (Fig. 2A). As expected, EGF stimulation
resulted in phosphorylation of endogenous EGFR, while
AP1510 stimulation did not result in phosphorylation of any
protein in the mobility range of EGFR (Fig. 1A; compare lanes
2 to 6 and 9). Similar results were obtained in three indepen-
dent Ratl clones expressing p75.B1.F1.HA (data not shown).
API1510 stimulation of the parental Ratl fibroblasts did not
have any effect on the tyrosine phosphorylation of cellular
proteins (data not shown). To specifically examine the tyrosine
phosphorylation status of the chimeric receptor, anti-HA im-
munoprecipitates were immunoblotted with anti-pTyr antibod-
ies. The p75.B1.F1 chimera was inducibly tyrosine phosphor-
ylated with maximal stimulation at 500 nM AP1510 (Fig. 2B,
lanes 1 to 6). As expected, neither the monomeric ligand nor
EGF induced tyrosine phosphorylation of the ErbB1 chimera
(Fig. 2B, lanes 7 to 9). Synthetic ligand-mediated activation of
the p75.B1.F1.HA receptor did not show any increase in
tyrosine phosphorylation levels of the endogenous ErbB2
receptor (data rdot shown). Thus, the activation of the chi-
meric receptor-appears to be independent of both EGF ligands
and endogenous ErbB receptors.

Synthetic ligand-activated receptors are competent in re-
cruiting signaling molecules and activating a downstream
target. Stimulation of the wild-type ErbB1 receptor by EGF
results in a recruitment of multiple cytoplasmic signaling mol-
ecules, including Grb2 and She (1). To examine whether AP1510-
activated chimeric ErbB1 receptors can recruit SH2-containing
proteins, we immunoprecipitated the chimeric receptors and
immunoblotted them with antibodies to Grb2 and Shc (Fig.
3A). Both Grb2 and Shc coimmunoprecipitated with tyrosine
phosphorylated p75.B1.F1.HA in AP1510-treated cells (Fig.
3A, lanes 4 to 7), suggesting that synthetic ligand-activated
ErbB1 receptors were competent to recruit known cytoplasmic
signaling molecules.

Activation of the EGFR is known to activate a signal trans-
duction pathway, leading to the activation of extracellular sig-
nal-regulated kinase 2 (Erk2 or MAPK). To test whether ac-
tivation of the chimeric ErbB1 receptor results in activation
of Erk2, p75.B1.F1.HA-expressing cells or the parental Ratl
cells were stimulated with AP1510 and total cell lysates were
immunoblotted with anti-Erk2 antibodies. Interestingly, AP1510
stimulation induced a characteristic mobility shift of Erk2,
suggesting that synthetic ligand-mediated dimerization of
p75.B1.F1.HA leads to activation of downstream signaling
targets.

Synthetic ligands activate other members of the ErbB fam-
ily, and the activated receptors retain their kinase specificity.
In order to examine whether dimerization of cytoplasmic do-
mains can activate other ErbB family members and wheth-
er synthetic ligand-activated ErbB kinases retain their kinase
specificity, we derived Ratl-based stable cell lines expressing
AP1510-inducible ErbB2 chimeras. We found that cell lines ex-
pressing ErbB2 chimeras with one copy of FKBP (p75.B2.F1.HA)
had very high levels of basal tyrosine phosphorylation (data not
shown); however, cells expressing p75.B2.F2.HA, which con-
tains two copies of FKBP (F2), had low levels of basal tyrosine
phosphorylation and showed AP1510-inducible phosphory-
lation. To make an objective comparison between ErbBl1
and ErbB2 homodimers, we derived cell lines expressing two
FKBP variants of either ErbB1 or ErbB2 (p75.B1.F2.HA or
p75.B2.F2.HA). As observed with cells expressing the single
FKBP ErbBI1 chimera (p75.B1.F1.HA), addition of synthetic
ligand to cells expressing the double FKBP ErbBl chimera
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FIG. 3. Synthetic ligand-activated receptors are competent in recruiting sig-
naling molecules and activating a downstream target. (A) HA epitope-containing
proteins were immunoprecipitated (IP) (lanes 4 to 7) from 500 pg of cell lysate,
and the membrane was probed with antibodies against anti-pTyr (first panel),
anti-Grb2 (second panel), or anti-She (third panel). The blot from the first panel
was stripped and reprobed with anti-EGFR (fourth panet). Normal mouse serum
(NMS; lanes 1 to 3) was used as a nonspecific control. (B) Total cell lysate from
p75.BL.F1L.HA or Ratl cells stimulated with AP1510 (in nanomolars) were im-
munoblotted with anti-Erk2 antibodies.

(p75.B1.F2.HA) resulted in increased phosphorylation of the
chimeric receptor and selected proteins (Fig. 4A, lanes 1-3).
AP1510 stimulation also resulted in tyrosine phosphorylation
of the ErbB2 chimera, p75.B2.F2.HA, and other protein sub-
strates (Fig. 4A, lanes 5 to 7).

In order to examine whether downstream signaling pathways
are activated by the ErbB2 chimera, we examined the activa-
tion of Erk2 and Akt, a serine or threonine protein kinase that
is activated by ErbB receptors (10). Homodimerization of both
ErbB1 and ErbB2 resulted in the characteristic mobility shift
of Erk2 (Fig. 4C). To examine activation of Akt, total celf ly-
sates were immunoblotted with anti-Akt antibodies that spe-
cifically recognize Akt phosphorylated at serine 473 (Fig. 4B).
Phosphorylation of both Thr 308 and Ser 473 on Akt is re-
quired for full activation (19). AP1510 stimulation induced Ser
473 phosphorylation in cells expressing either ErbB1 or ErbB2
chimeras (Fig. 4B). The difference in signal strength between
lanes | to 4 and 5 to 8 (Fig. 4A) is likely due to a difference in
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the levels of protein loaded (compare lanes 1 to 4 and 5 to 8 in
Fig. 4B, lower panel). It should be noted that both cell lines
used in this experiment express comparable levels of the ErbB
chimera as determined by FACS analysis (see Materials and
Methods).

It is known that ¢-Cbl is tyrosine phosphorylated only by
ErbB1 and not by other ErbB family members (41). We ex-
amined c-Cbl tyrosine phosphorylation status upon synthetic
ligand-mediated dimerization of either ErbB1 or ErbB2. Ho-
modimerization of ErbB1 resulted in c-Cbl tyrosine phosphor-
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FIG. 4. Synthetic ligands can activate other members of the ErbB family, and
the activated receptors retain their kinase specificity. (A) Total cell lysates from
cells stimulated with AP1510 (in nanomolars) or EGF (50 ng/ml) were re-
solved and blotted with anti-pTyr antibodies. The positions of p75.B1.F2.HA,
p75.B2.F2.HA, and Shc are indicated. (B) The top two-thirds of the blot in panel
A was stripped and reprobed with anti-phospho-473 Akt antibody (upper panel),
and the blot was restripped and blotted with anti-Akt antibody (lower panel). (C)
The lower third of the blot in panel A was stripped and reprobed with anti-Erk2.
(D) ¢-Cbl was immunoprecipitated (IP) from 750 pg of lysate and immunoblot-
ted with anti-pTyr antibodies (upper panel), and the blot was subsequently
stripped and reprobed with anti-Cbl antibodies (lower panet). The position of the
coimmunoprecipitated p75.B1.F2.HA is indicated.
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FIG. S. ErbB1 but not ErbB2 chimeras are internalized after AP1510 stim-
ulation. Cell lines expressing either ErbB1 or ErbB2 chimeras were stimulated
with carrier alone (ethanot [EtOH]) or with 500 nM AP1510 for the indicated
lengths of time. The cell surface proteins were subsequently biotinylated by
incubating with NHS-S-S-Biotin at 4°C for 1 h. The biotinylated proteins were
immunoprecipitated (IP) with Sepharose-conjugated NeutrAvidin beads and
immunoblotted with either anti-HA (A) or anti-betal integrin (B) antibodies.

ylation (Fig. 4D), whereas phosphorylation of ¢-Cbl was barely
detectable following ErbB2 homodimerization. This differ-
ential phosphorylation of ¢c-Cbl was also observed in COS7
cells transiently transfected with either p75.B1.F2.HA or
p75.B2.F2.HA chimeras (data not shown). These observations
suggest that dimerization of ErbB receptors activated by syn-
thetic ligands can retain their kinase-specific functions as de-
termined by their ability to phosphorylate c-Cbl.

ErbB1 but not ErbB2 chimeras are internalized after
AP1510 stimulation. EGF activation has been shown to induce
the endocytosis of activated ErbB1 receptors (65). It has also
been shown that ErbB chimeras containing the extracellular
domain of ErbBl and the cytoplasmic domains of ErbB2,
ErbB3, or ErbB4 do not undergo EGF-induced receptor en-
docytosis (3). In order to determine whether synthetic ligand-
activated ErbB receptors undergo internalization, we stimu-
lated p75.B1.F2.HA- or p75.B2.F2.HA-expressing cells with
AP1510 for different lengths of time, and the cell surface pro-
teins were subsequently labeled with biotin at 4°C. The cell
lysates were then subjected to precipitation with NeutrAvidin-
coupled beads, and the bound proteins were immunoblotted
with HA tag antibodies to determine the amount of chimeric
receptor present at the cell surface. AP1510 treatment of
ErbBl-expressing (Fig. SA, lanes 5 to 7) but not ErbB2-ex-
pressing (Fig. 5A, lanes 12 to 14) cells resulted in a significant
decrease in the amount of chimeric receptors present at the
cell surface. This observation suggests that AP1510 stimulation
results in the internalization of activated ErbB1 receptors. The
significant decrease in the levels of ErbB1 receptors at the cell
surface after 10 min of AP1510 stimulation is consistent with
the internalization rates observed for the peptide ligand EGF
(65). Stimulation of p75.B1.F2.HA-expressing cells with the
carrier alone did not result in any change in the levels of the
ErbB1 chimera (Fig. 5A, lanes 1 to 4). Since NeutrAvidin
would precipitate all biotin-labeled cell surface proteins, the
same blot was reprobed with anti-betal integrin antibodies
(Fig. 5B) to demonstrate that the decrease in the p75.B1.F2
levels was receptor specific.

Immunofluorescent labeling of ErbBl-expressing cells with
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anti-p75 antibodies also showed a ligand activation-dependent
internalization of the chimeric p75.BL.F2.HA receptor (data
not shown). These observations suggest that ErbBl chimeras
undergo synthetic ligand-dependent endocytosis and also dem-
onstrate that the ErbB chimeras retain their differential regu-
lation of receptor internalization.

Activation of ErbB homodimers results in induction of cell
cycle progression. To establish whether activation of ErbB
receptors by synthetic ligands can induce cell cycle progres-
sion, cells expressing either ErbB1 fused to one copy of
FKBP (p75.B1.F1.HA), ErbB1 fused to two copies of FKBP
(p75.B1.F2.HA), or ErbB2 fused to two copies of FKBP
(p75.B2.F2.HA) were starved in serum-free media for 24 h.
The cells were then stimulated with indicated amounts of
AP1510 for 16 to 18 h, and the DNA content was measured by
FACS of propidium iodide-labeled cells (Fig. 6). The fold
increase in the percentage of cells that have left the Gy-G,
stage of the cell cycle was calculated (see Materials and Meth-
ods). AP1510 stimulation of p75.B1.F1.HA-, p75.B1.F2.HA-,
and p75.B2.F2.HA-expressing cells resulted in a 1.5- to 2.0-fold
increase, and EGF stimulation resulted in a 1.8- to 2.5-fold
increase in the percentages of cells that have left the G4-G,
stage of the cell cycle (Fig. 6). These results suggest that ErbB1
and ErbB2 chimeras activated by synthetic ligands were able to
promote cell cycle progression.

ErbBl and ErbB2 homodimers differ in their abilities to
induce focus formation in Ratl fibroblasts. Since ErbB family
members are known to be potent oncogenes, we examined
whether ErbBl or ErbB2 homodimers can induce focus

Mou. CeELL. BioL.

-
2.5+ g
-
T
A
L
2
T
U O
a L
@
[
9
=
E 1.54
=]
<3
1
0.5 T T T T T
< (=3 Q = 133
in n (=1 4]
o~ S
- =

AP1510 (nM)

FIG. 6. Activation of ErbB homodimers results in induction of cell cycle
progression. The parental Ratl cells or cell lines expressing different ErbB
chimeras were serum starved, stimulated, and analyzed by FACS as described in
Materials and Methods. The graph shows the fold increase * standard deviations
(error bars) in the percentages of cells that have left the G,-G, stage of the cell
cycle. The parental Ratl cells (open squares), cells expressing ErbB1 with one
copy FKBP (p75.B1.F1) (closed squares), cells expressing ErbB1 with two copies
of FKBP (p75.B1.F2) (open circles). and cells expressing ErbB2 with two copies
of FKBP (p75.B2.F2) (open triangles) were used for the analysis. EGF was used
at a 10-ng/ml concentration.
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FIG. 7. ErbB1 and ErbB2 homodimers differ in their abilities to induce focus formation in Rat fibroblasts. Ratl cells were infected with retroviruses containing
different ErbB fusions. The cells were maintained in media containing the indicated amounts of AP1510 (in nanomolars) for 14 days, fixed, and stained with Giemsa
stain. One set of infected cells were trypsinized, and 1/10 of the cells were replated in media containing G418 to ascertain the number of CFU infected per plate.

formation in fibroblasts. Ratl fibroblasts were infected with
retroviruses expressing either ErbBl or ErbB2 fused to
one or two copies of FKBP (p75.B1.F1.HA, p75.B1.F2.HA,
p75.B2F1.HA, or p75.B2F2.HA). The infected cells were
maintained in the presence of different doses of AP1510 for 14
days. The number of infected cells was determined by G418
selection, since the virus carried the gene coding for neo-
mycin (see Materials and Methods). Fifty-five to sixty-five
percent of cells infected with p75.B2.F2.HA retrovirus formed
foci in the presence of AP1510 (Fig. 7 and Table 1). In con-
trast, the expression of ErbB1 chimera fused to two FKBP
(p75.B1.F2.HA) showed weak focus-forming activity (Fig. 7),
with only 10% of the infected cells forming foci (Table 1). In
addition, the foci induced by the ErbB1 chimera had a diffuse
morphology and showed faint Giemsa staining relative to the
dense, intensely stained foci induced by the ErbB2 chimera
(Fig. 7). The expression of a ErbB2 chimera with one copy of
FKBP (p75.B2.F1.HA) resulted in a low level of ligand-inde-
pendent focus formation and nevertheless showed a six- to
sevenfold ligand inducibility (Fig. 7 and Table 1). Surprisingly,
the ErbB1 chimera with one copy of FKBP (p75.B1.F1.HA)
failed to induce any detectable focus formation (Fig. 7 and
Table 1). The difference in the focus-inducing ability was not
due to differences in expression levels of the chimeric proteins,
since we detected comparable levels of expression by both
anti-HA immunoblots and FACS analyses of the infected Ratl
cells stained with anti-p75 antibodies (data not shown).

Both ErbB1 and ErbB2 homodimers can induce a reversible
morphological transformation of fibroblasts. Transformed fi-
broblasts are known to display a refractile morphology and lose
contact inhibition. We examined whether dimerization of the
cytoplasmic domains of ErbB1 or ErbB2 induces morpholog-
ical changes and whether these changes are reversible after
ligand withdrawal. Stable cel! lines expressing comparable lev-
els of ErbB1 with one copy of FKBP (p75.B1.F1.HA), ErbB1
with two copies of FKBP (p75.B1.F2.HA), or ErbB2 with two
copies of FKBP (p75.B2.F2.HA) (see Materials and Methods)
were grown in the presence of AP1510 for 48 h, and the
changes in morphology were recorded (Fig. 8). Cells express-
ing p75.B1.F2.HA (Fig. 8g to i) or p75.B2.F2.HA (Fig. 8m to
o), but not cells expressing p75.F1.HA (a p75 chimera without

TABLE 1. Transformation of Rat! fibroblasts by ErbB1 or

ErbB2 homodimers®
ErbB No. of foci (= SD) per 100 CFU with AP1510 (nM)
chimera 0 50 100 250 500 1,000
p75.BLF1 0 0 0 0 0 1
p75.BL.F2 0 2+1 7+3 104 8=1 71
p75.B2F1 6=1 62 8x1 19x2 476 34=10
p75.B2.F2 1 163 38x7 553 62+9 58=%*6

¢ Each value represents an average of at least three independent experiments.
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FIG. 8. Both ErbB1 and ErbB2 homodimers are able to induce reversible morphological transformation of fibroblasts. The cells were plated in the presence of
AP1510 (concentrations shown in nanomolars) and allowed to grow for 48 h. The morphologies of the cells were recorded (a to i and m to 0). The cells in panels i
and o were trypsinized and replated either in media without (j and p) or with AP1510 (k. I, g, and r). P75.F1 (Fig. 1B) corresponds to cells expressing the chimera without

the ErbB cytoplasmic domain.

ErbB cytoplasmic domain; Fig. 1B) (Fig. 8a to c), lost their
contact-inhibited flat morphology and assumed a transformed,
refractile morphology in the presence of AP1510. Consistent
with a lack of focus-forming ability, AP1510 did not induce
morphological changes in cells expressing p75.B1.F1.HA (Fig.
8d to f).

After trypsinization and replating of the AP1510-treated
cells in media without the ligand, the cells reverted to a non-
transformed state, displaying a well-spread morphology and
contact inhibition (Fig. 8j and p). This observation suggests
that the morphological changes require the continuous pres-
ence of the dimerizing ligand.

Synthetic ligand-induced heterodimerization between ErbB
receptors. It has not been possible to study the signaling spec-
ificities of different ErbB heterodimers in isolation, since most
cell types express more than one ErbB family member. In or-
der to establish whether synthetic ligands can be used to form
heterodimers of selected ErbB receptors, we generated a chi-
mera containing the kinase-dead variant of ErbB1 (kdB1) fused
to the FRB domain and a Flag epitope tag (p75.kdB1.R1.Flag;
see Materials and Methods). The p75.kdB1.R1.Flag chimera
was not phosphorylated on tyrosine when expressed tran-
siently in COS7 cells (data not shown). Stable pools of Ratl
cells coexpressing the kinase-dead ErbBI-FRB chimera
(p75.kdB1.R1.Flag) and either the wild-type ErbB1-FKBP
chimera (p735.B1.F2.HA) or the wild-type ErbB2-FKBP chi-
mera (p75.B2.F2.HA) were generated (Fig. 9A). As illustrated
in Fig. 1D, addition of the FKBP-binding ligand AP1510 to
these cells should result in the formation of either B1-B1 or
B2-B2 homodimers, while treatment with the heterodimerizing
ligand rapamycin should result in either B1-kdB1 or B2-kdBl
heterodimers. As expected, AP1510 induced homodimeriza-
tion and tyrosine phosphorylation of both ErbB1-FKBP

(p75.B1.F2.HA,; Fig. 9B, lanes 1 to 3) and ErbB2-FKBP
(p75.B2.F2.HA,; Fig. 9B, lanes 7 to 9) chimeras. Interestingly,
the kinase-dead ErbB1 chimera fused to the FRB domain,
expressed in the same cell, was not tyrosine phosphorylated by
AP1510 stimulation (Fig. 9C, lanes 1 to 3 and 7 to 9), likely due
to the inability of AP1510 to bind FRB-fused chimeras.
However, rapamycin stimulation resulted in tyrosine
phosphorylation of the kinase-dead ErbB1-FRB chimera
(p75.kdB1.R1.Flag) (Fig. 9C, lanes 4 to 6 and 10 to 12) by both
kinase-active ErbB1-FKBP (lanes 4 to 6) and kinase-active
ErbB2-FKBP (lanes 10 to 12). Since rapamycin is known to
dimerize a FKBP domain and a FRB domain (Fig. 1), this
observation suggests that rapamycin can induce heterodimers
between the kinase-dead ErbB1-FRB and kinase-active ErbB-
FKBP receptors. Rapamycin stimulation did not change the
phosphorylation status of either kinase-active ErbB1-FKBP
(Fig. 9B, lanes 4 to 6) or kinase-active ErbB2-FKBP (Fig. 9B,
lanes 10 to 12), possibly because the dimer comprises one
kinase active and one kinase-dead receptor. This is consistent
with the notion that the tyrosine phosphorylation of ErbB
receptors occurs primarily by rrans-phosphorylation within a
dimer (76). The kinase-active receptors observed in the anti-
Flag immunoprecipitates from rapamycin-stimulated cell ly-
sates (Fig. 9C, lanes 4 to 6 and lanes 10 to 12) were due to the
ability of rapamycin to induce a stable heterodimeric complex
between the Flag-tagged kinase-dead and weakly phosphory-
lated kinase-active ErbB receptors (Fig. 9B, lanes 1 and 7).
Since the tyrosine phosphorylation levels of neither ErbBl
(Fig. 9B; compare lane 1 and lanes 4 to 6) nor ErbB2 (Fig. 9B;
compare lane 7 and lanes 10 to 12) change in response to
rapamycin stimulation, it is unlikely that rapamycin stimulation
affects the tyrosine phosphorylation status of FKBP-fused ki-
nase-active ErbB chimeras. These results demonstrate that
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FIG. 9. Synthetic ligand-induced heterodimerization between ErbB receptors. (A) P75.B1.F2.HA- and p75.B2.F2.HA-expressing cells were transfected with
p75.kdB1.R1.Flag, and stable pools containing B1.F2.HA plus kdB1.R1.Flag and B2.F2.HA plus kdB1.R1.Flag were selected. The relative expression levels of each
chimera in both pools were examined by immunoblotting cell lysates with either anti-HA or anti-Flag antibodies. The parental Rat1 cell lysate was used as a negative
control. The pools were stimulated with either AP1510 (concentrations shown in nanomolars) (lanes 2, 3, 8, and 9) or with rapamycin (nanomolars) (lanes 4 to 6 and
10 to 12), immunoprecipitated (IP) with either anti-HA (B) or anti-Flag (C) antibodies, and immunoblotted with anti-pTyr antibodies. The blots in the upper panels
(B and C) were stripped and reprobed with anti-HA and anti-Flag antibodies, respectively (lower panels).

rapamycin can be used to form heterodimers in the absence of
homodimers and AP1510 can be used to form homodimers in
the absence of heterodimers.

¢-Cbli can differentiate ErbB1 in homodimers from ErbB1 in
ErbB1-ErbB2 heterodimers. It is possible that heterodimers
have different signaling specificities than homodimers. We test-
ed whether the kinase-dead ErbB1 receptor, phosphorylated
by either a kinase-active ErbB1 (homodimer) or a kinase-
active ErbB2 (heterodimer), differed in its ability to associate
with cytoplasmic signaling molecules. Since c-Cbl has been
shown to bind selectively to ErbB1 but not to other ErbB
receptors (41), we asked whether ¢-Cbl can differentiate be-
tween the kinase-dead ErbB1 phosphorylated by a kinase-
active ErbB1 receptor (homodimer) from a kinase-dead ErbB1
phosphorylated by a kinase-active ErbB2 receptor (hetero-

dimer). The kinase-dead ErbB1 receptor fused to the FRB
domain (p75.kdB1.R1.Flag) was cotransfected with either ki-
nase-active ErbB1-FKBP chimera (p75.B1.F2.HA) or kinase-
active ErbB2-FKBP chimera (p75.B2.F2.HA) in COS7 cells. In
the presence of rapamycin the kinase-active FKBP-fused
ErbB1 and ErbB2 receptors coimmurnoprecipitate with the
kinase-dead ErbB1-FRB.Flag chimera (Fig. 9 and 10). Rapa-
mycin stimulation resulted in increased phosphorylation of the
kinase-dead ErbB1-FRB chimera (p75.kdB1.R1.Flag) by both
ErbB1-FKBP (p75.B1.F2.HA) (Fig. 10, lanes 1 to 3) and
ErbB2-FKBP (p75.B2.F2.HA) (Fig. 10, lanes 4 to 6) receptors,
determined by anti-Flag immunoprecipitation and anti-pTyr
immunoblotting. Endogenous ¢-Cbl was also immunoprecipi-
tated from the same cell lysates, and the precipitates were
blotted with anti-pTyr antibodies (Fig. 10, lanes 7 to 12) to




10 MUTHUSWAMY ET AL.

SEE QUERY

PAGE20,02/

MoL. CeLL. BioL.

p75.kdB1.R1.Flag
[ I
B1.F2ZHA B2.F2.HA B1.F2HA B2F2.HA
M Il ml ]
c 8 80 2 8 o 8 S o 8 Z<ry

197

p75.B2F2
p75.B1.F2

81 < p75.82.F2
<€ p75.B1.F2
p75.kdB1.R1

Cbl

7 8 9 10 1 12

IP: anti-Flag

IP: anti-Cbl

Blot: anti-pTyr

7 8 9 10 11 l
Blot: anti-Cbl

FIG. 10. ¢-Cbl can differentiate ErbB1 in homodimers from ErbB1 in ErbB1-ErbB2 heterodimers. COS7 cells were cotransfected with p75kdB1.R1.Flag and
p75.BLF2.HA (lanes 1 to 3 and 7 to 9) or p75.B2.F2.HA (lanes 4 to 6 and 10 to 12). The cells were stimulated with indicated amounts of rapamycin (in nanomolars),
and 1.5 mg of lysate was used for immunoprecipitation (IP) with anti-Flag antibodies (lanes 1 to 6) or anti-Cbl antibodies (lanes 7 to 12) and immunoblotted with
anti-pTyr antibodies (upper panel). The ¢-Cbl portion of the blot (lanes 7 to 12) was stripped and reprobed with anti-Cbl antibodies (lower panel).

identify the ErbB chimeras that bind to c-Cbl. c-Cbl was able
to coimmunoprecipitate the tyrosine phosphorylated, kinase-
dead, ErbB1-FRB chimera (p75.kdB1.R1.Flag) only when
the kinase-dead ErbB1 was phosphorylated by kinase-active
ErbB1 chimera (p75.B1.F2.HA) (Fig. 10, lanes 7 to 9) but not
when kinase-dead ErbB1 was phosphorylated by kinase-active
ErbB2 chimera (p75.B2.F2.HA) (Fig. 10, lanes 10 to 12).
These observations suggest that c-Cbl can differentiate ErbB1
molecules in a homodimer (p75.B1.F2-p75.kdB1.R1) from
ErbBl molecules in a heterodimer with ErbB2 (p75.B2.F2-
p75.kdB1L.R1).

DISCUSSION

We demonstrate that synthetic dimerizing ligands can selec-
tively activate homo- and heterodimers of the ErbB family of
receptors and result in the activation of signal transduction
pathways. Synthetic ligand-mediated dimerization and activa-
tion also induces a dose-dependent stimulation of phenotypic
alterations known to be regulated by ErbB receptors (e.g.,
stimulation of cell proliferation, morphological transforma-
tion, and focus formation). In addition, using a heterodimer-
izing ligand we demonstrate that c-Cbl can associate with
ErbBl in an ErbB1-ErbB1 homodimer but does not associate
with ErbB1 in an ErbB1-ErbB2 heterodimer. These obser-
vations suggest that this approach can be used to study the
signaling and biological specificities of ErbB homodimers and
heterodimers and provide the first clear evidence for differen-
tial signaling by ErbB homo- and heterodimers.

The extraceliular cysteine-rich domains of ErbB receptors

play important roles in ligand binding and receptor dimeriza-
tion (11, 12, 14, 59, 60, 66). The mutation or addition of Cys
residues at the juxtamembrane region and generation of un-
paired Cys residues results in dimerization of ErbB2 (12, 60).
Interestingly, a number of such dimers fail to induce transfor-
mation, suggesting that forced dimerization is not sufficient for
a functional activation of ErbB2 (11). The transmembrane and
the juxtamembrane regions of ErbB2 form a helical structure,
and receptor dimerization is thought to promote a helix-helix
interaction (12). It is proposed that some of the Cys modifica-
tion-induced dimerization may result in packing the helices in
an unfavorable or nonpermissive orientation for signaling (12).
Results presented in this report suggest that dimerization of
the cytoplasmic domain was sufficient to activate both ErbB1
and ErbB2 receptors. This is consistent with an earlier report
which suggests that membrane localization of the cytoplasmic
domain of ErbB2 was sufficient to induce kinase activation and
transformation (26). It will be interesting to progressively
change the orientation or location of the synthetic ligand-
binding domains within the chimera to ask whether the ErbB
cytoplasmic domains requires a specific dimerization interface.

Synthetic ligand-inducible dimerization was able to activate
both biochemical and biological processes that are known to be
stimulated by ErbB receptors. Both ErbB1 and ErbB2 homo-
dimers were able to induce activation of the serine threonine
kinase Akt (Fig. 4). Akt is a known downstream target of ac-
tivated PI 3-kinase. It is unclear how either of these homo-
dimers activate the PI 3-kinase pathway, since neither ErbBl1
nor ErbB2 possesses the binding site for the SH2 domain of
p85 subunit of PI 3-kinase (24, 39, 53, 64). It is possible that
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¢-Cbl mediates the ErbB1 homodimer-induced activation of PI
3-kinase (63), whereas c-Cbl is unlikely to play a role in ErbB2
homodimer-induced activation of the PI 3-kinase pathway
since ErbB2 does not show strong association with ¢c-Cbl (Fig.
4 and 8). Further experiments will be necessary to understand
the underlying mechanism leading to the activation of PI 3-ki-
nase by ErbB1 and ErbB2 homodimers.

The activation of ErbBl or ErbB2 dimers with synthetic
ligands resulted in a ligand-dependent acquisition of trans-
formed-cell morphology, while the removal of AP1510 caused
a reversion to a normal morphology. These observations dem-
onstrate the continuous requirement of a dimerization signal
for maintenance of the transformed morphology. It will be of
interest to determine whether the ligand-dependent transfor-
mation and reversion can be induced in animal models where
other mutations are involved during tumorigenesis. The devel-
opment of such a mode! with inducible activation of specific
homo- and heterodimers of different ErbB receptors would be
very useful in understanding the early events of tumor progres-
sion in adult animals.

The biological effects of ErbB1 homodimerization in fibro-
blasts or other cell types are unclear, since almost all cell types
express more than one member of the ErbB receptor family.
Previous reports have shown that ErbB1 is able to induce focus
formation in a ligand-dependent manner in NIH 3T3 clones
which either lack ErbB1 (21) or lack expression of all ErbB
family members (79) and that EGF-activated ErbB1 possesses
weaker focus-forming activity than activated ErbB2 (21). It is
possible that these cell lines are not devoid of ErbB receptors,
and the observed phenotype may be a result of heterodimers
involving ErbB1. Studies using ErbB receptor-deficient hemo-
poietic cells that require interleukin 3 for survival and growth
have suggested that ErbBl homodimers are not effective in
inducing proliferation but can induce interleukin 3-indepen-
dent survival (56). The approach presented here enables us to
study the effect of homodimers in the absence of lateral or
combinatorial interactions with other ErbB family members in
cells that naturally express these receptors; hence, we believe
that our observations provide a clear demonstration of the
biological differences between ErbB1 and ErbB2 homodimers
in fibroblasts (see below).

It is unclear why synthetic ligand-induced ErbBl homo-
dimers possess a five- to sevenfold weaker focus-forming ac-
tivity than ErbB2 homodimers. It is possible that ErbBl ho-
modimers do not activate signaling molecules that mediate
transformation as effectively as ErbB2 (58). Alternatively, the
homodimers may couple to negative regulators of signaling.
The heterodimerization of ErbB1 with other ErbB receptors
either can generate novel autophosphorylation sites for acti-
vating cytoplasmic signaling molecules or may fail to generate
certain autophosphorylation sites to preclude interactions with
a negative regulator(s). We present evidence which suggests
that ErbB1 homodimers and ErbB1-ErbB2 heterodimers differ
in their abilities to recruit a cytoplasmic signaling protein,
¢-Cbl. It is possible that such differences may play a role in
determining the biological specificity of homo- and hetero-
dimers.

c-Cbl has been implicated both as a positive and negative
regulator of cell signaling (44, 47). The mechanism by which
Cbl functions is not known. Recent observations suggest that
¢-Cbl promotes the ubiquitination and degradation of activat-
ed EGF and platelet-derived growth factor receptors (42, 47).
Interestingly, only ErbB1, and not ErbB3, is ubiquitinated and
downregulated by ¢-Cbl, and this is dependent on the presence
of the ErbBl cytoplasmic tail (42). It is possible that ErbBl1
homodimers and ErbB1-ErbB2 heterodimers are differentially
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ubiquitinated and downregulated. Such a possibility is consis-
tent with the observation that ErbB1 homodimers are endocy-
tosed (Fig. 5) and degraded, while ErbB1-ErbB2 heterodimers
are recycled to the membrane after EGF stimulation (40).
However, the differential association with c-Cbl may also reg-
ulate multiple downstream signaling pathways that play a role
in signaling by ErbBl and ErbB2 homo- and heterodimers.

It is unclear why ErbB1 chimeras with one copy of FKBP
(p75.B1.F1) did not induce morphological changes or focus
formation (Fig. 7 and 8). One copy of FKBP was sufficient to
activate the receptor since AP1510 induced tyrosine phosphor-
ylation of multiple cellular proteins including Erk2 (Fig. 2), as
well as stimulation of DNA synthesis in cells expressing the
p75.B1.FLHA chimera (Fig. 6). In addition, AP1510 activation
of the single FKBP version of the ErbB2 chimera, p75.B2.F1,
results in induction of focus formation (Fig. 7 and Table 1). It
is possible that a simple dimerization of ErbB1 is not sufficient
for morphological transformation whereas dimerization of
ErbB2 is sufficient. Consistent with that possibility, the Val664-
Glu mutation in ErbB2 promotes homodimerization, activa-
tion of the kinase, and transformation of fibroblasts (75). In-
terestingly, the insertion of a similar mutation into ErbB1 does
not result in the ligand-independent transformation of fibro-
blasts (15, 38, 46), suggesting that homodimerization of ErbB1
may not be sufficient for transformation. Our results suggest
that the p75.B1.F2.HA chimera, which contains two copies of
FKBP, can induce only a weak transformation. It should be
noted that two FKBP-containing chimeras can form higher-
order complexes; however, sucrose gradient centrifugation of
p75.BL.F2.HA-expressing cell lysate showed a ligand-depen-
dent formation of a dimeric complex (data not shown). Further
experiments are required to better understand the difference
between the ErbB1 chimeras consisting of one or two copies of
FKBP. )

We will not be able to use the heterodimerizing ligand rapa-
mycin in biological studies since rapamycin is a known im-
munosuppressive drug that can negatively regulate cellular
kinases FRAP and p705¢%. However, synthetic versions of
rapamycin (“rapalogs”) have been generated which do not
bind endogenous FRAP and instead can only bind to a FRAP
molecule that has been appropriately engineered to fit the
modification on rapamycin (18a, 43). These rapalogs possess
no immunosuppressive functions (18a, 43). We are in the pro-
cess of constructing ErbB chimeras with the modified FRB
domain which will enable us to study the biological effects of
distinct ErbB heterodimers.

To our knowledge the results presented here provide the
first direct evidence for differential signaling by ErbB1 homo-
dimers and ErbB1-ErbB2 heterodimers. It will be of interest to
apply this strategy to understand the signaling specificities of
different ErbB receptor homo- and heterodimers. Since the
synthetic ligand-mediated activation of chimeric ErbB recep-
tors is independent of the endogenous levels of ErbB receptor
expression, this approach could be well suited to study the
biological effects of different ErbB receptor dimers in the cell
type of choice.
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